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CALVILLO-MEDINA Et AL. biofilms are one of the most important virulence factors in fungal keratitis. 5 Biofilms enclose fungal structures within an extracellular matrix (ECM). 6 This structure then confers protection against environmental factors and increases the resistance of the organism to immune defences. 7 In general, fungal biofilm formation includes the following stages: germination of conidia and elongations of hyphae; secretion of ECM; biofilm formation; maturation; degradation and finally, dispersion. 8 An important aspect of the analysis of fungal biofilm formation is the measurement of biofilm biomass. One approach that has been utilised successfully for such measurements involves colorimetric analyses via spectrophotometry using dyes like crystal violet (CV). The absorbance values obtained in such studies are proportional to the mass of the biofilm.
9
In Mexico, the prevalence of fungal keratitis appears to be low but these infections are poorly documented in hospitals. Over a period of 10 years (2002-2012) , 1638 cases of infectious keratitis were reported in an ophthalmological hospital in Mexico City, and 12% of these eye infections were caused by fungi. The most frequent fungal isolates from keratitis patients were Fusarium, Aspergillus and Candida. 10 Infections caused by black fungi are less prevalent, but there are reports of the association of these fungi with keratitis in
Mexico.
11
The genus Neoscytalidium is a member of the family Botryosphaeriaceae, black fungi which present melanin in hyphae and conidia. 12 Initially characterised by Crous et al, 13 Neoscytalidium spp. have generally been considered as primary plant pathogens.
However, Neoscytalidium dimidiatum, while not a frequent human pathogen, is able to generate phaeohyphomycosis, which may be manifested as disseminated infections or as subcutaneous and cutaneous infections (cerebral and pulmonary infections, atrial fungal endocarditis, mycetoma, onicomicosis). In some cases, these infections have been fatal. [14] [15] [16] [17] [18] Neoscytalidium keratitis is rare although some instances of the infection have been documented. 19 The study of biofilm as a virulence factor and the mechanisms of biofilm formation as well as studies of the metabolic pathways involved in the generation of these structures are necessary to understand how fungi generate adhesion/invasion and resistance to antifungals or immune system responses in human infections.
Studies in these areas will add to the understanding of the pathology of fungi (like Neoscytalidium spp.) and will facilitate the development of appropriate and effective treatments for these pathologies in human infections. To identify fungal pathogens in humans, morphological characteristics in combination with phylogenetic analyses are often necessary to define species and resolve apparent lineages. 13 In the present study, we identified a new fungal species, not previously reported to be associated with infectious keratitis in Mexico.
We demonstrated the capacity of this fungus to form biofilms and examined the kinetics of biofilm formation and some properties of the biofilms. We also identified haemolysis as one of the virulence factors associated with this fungus. Our studies confirm the power of combining molecular, morphological and phylogenetic analyses in the study of human fungal diseases. Politécnico Nacional (IPN), Mexico culture collection (isotype). 
| MATERIAL S AND ME THODS

| Isolation of the infectious agent
| Phenotypic features of the fungal isolate
| Molecular methods
| Phylogenetic analysis
| Optical and fluorescence biofilm microscopy
Biofilm structures were observed and photographed using optical and fluorescence microscopy. For optical microscopy, pictures were taken in an inverted microscope CK 2 (Olympus, Shinjuku, Tokyo, Japan), at a concentration of 1 × 10 6 conidia/mL over the course of 120 hours of observation and over 48 hours with an inoculum of 1 × 10 4 conidia/mL. Samples were prepared for microscopy using the methods described above for the biofilm growth assay, except that acetic acid treatment was omitted. Fluorescence microscopy was performed on triplicate samples in 24-well microtiter plates with 400 μL of RPMI 1640 medium inoculated with 1 × 10 6 conidia/mL.
A sterile, round coverslip (Lauka) was placed on the bottom of the wells. The isolates were incubated for 12, 24, 48 and 96 hours at 37°C. Eight wells were used as controls, and the absence of bacteria was confirmed as described above. After the appropriate incubation period, culture medium was removed from the wells and 5 μL of calcofluor white (CW) (Sigma) was added. The preparation was stored in the dark for 10 minutes. The coverslip was placed with the sample down on a slide and was observed in a Carl Zeiss, (Germany) imager Z.2 fluorescence microscope, in darkness at a wavelength of 490 nm.
| Scanning electron microscopy
Biofilm was cultivated as described above for fluorescence microscopy during 96 hours at 37°C and analysed using scanning electron microscopy (SEM) in triplicate. Samples were processed by washing three times with 1× PBS, fixed with 2% glutaraldehyde (Karl) for 2 hours and post-fixed with 1% osmium tetroxide (Sigma) for 2 hours (Electron Microscopy Sciences, Hatfield, PA, USA) The bottoms of the 24-well microtiter plates were cut-off with an incandescent scalpel.
Intact biofilms were dehydrated with ethanol (Karl) at 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80% and 90% for 10 minutes and absolute alcohol (Karl) for 20 minutes. Samples were brought to the critical point, coated with ionised gold (JEOL, Akishima, Tokyo, Japan) for 400 seconds at 15 000 kV and 10 μA, and finally, observed in a scanning electron microscope (JEOL).
| Statistical analysis
Biofilm growth, measured as described above and initiated with three concentrations of conidia (1 × 10 4 conidia/mL, 1 × 10 5 conidia/mL and 1 × 10 6 conidia/mL over the course of 120 hours), was compared via statistical analysis. This analysis involved a two-tailed analysis of variance (ANOVA) to identify statistically significant differences in growth at various incubation times. Statistical analysis was done using graphpad prism version 5.00 for Windows (GraphPad Software, La Jolla, CA, USA). A P-value of <0.001 was considered significant (indicated by *** in Figure 3 ).
| RE SULTS
| Clinical presentation and treatment of the keratitis patient
The patient described in Materials and Methods was diagnosed with fungal keratitis, and no evidence of a bacterial infection was observed. The patient's therapy involved local application of amphotericin B 0.15% and natamycin 5%, at a dosage of 1 drop every hour.
At the same time, the patient was also administered voriconazole, 200 mg twice a day.
Nevertheless, 10 days after the therapy was initiated, no im- 
| Phenotypic and phylogenetic analyses
Using phenotypic and phylogenetic approaches, we were able to identify the causative agent in the mycokeratitis infection of the subject described in the present study. Microscopic observations were performed; however, the coelomycetous morph was not observed in the microscopic analyses ( Figure 1) . In SBA at 37°C after 48 hours, the fungus presented complete haemolytic activity (data not shown). Given the observation of the phenotypic and the phylogenetic data cited below, we propose that the keratitis isolate is a new species. A dichotomous key to genera based on the asexual morphs is provided (Table 2 ).
| Taxonomic analyses
Neoscytalidium oculus Calvillo, J. Mena, Raymundo and Bautista sp. 
325287; and isotype (ENCB).
Neoscytalidium oculus differs from the three previously described species (N. dimidiatum, Neoscytalidium novahollandiae and
Neoscytalidium orchidacerum
29
) mainly by the absence of a sexual morph and a coelomycetous synasexual morph.
| Phylogenetic analyses
rDNA sequences (see Section 2) from the keratitis isolate were compared with the corresponding sequences from a number of fungal species (Table 1) Neoscytalidium. The best scoring PhyML tree is shown in Figure 2 (TreeBASE accession number: S22009; http://treebase.org). The tree was rooted using Saccharata proteae (CBS 115206) as the outgroup. Although the phylogenetic analyses place the keratitis isolate clearly in the genus Neoscytalidium, the rDNA sequences from the isolate were not identical to any in the GenBank database. Given this observation and the absence of coelomycetous synasexual morph, and as indicated above, we propose that the keratitis isolate is a new species, which we designate Neoscytalidium oculus sp.nov.
| Standardisation of biofilm formation assay
We found that the N. oculus keratitis isolate had the ability to develop biofilm in vitro. The quantification of biomass formation, analysed via ANOVA (P < 0.001), indicated that all three conidial concentrations we tested produced continuous growth and biofilm formation ( Figure 3 ). With two of the concentrations tested (1 × 10 4 conidia/ mL and 1 × 10 6 conidia/mL), biofilm biomass plateaued between 96 and 120 hours. A slight decrease in the biofilm at 120 hours was observed with the inoculum of 1 × 10 4 conidia/mL while biofilm formation continued between 96 and 120 hours when the cultures were initiated with 1 × 10 5 conidia/mL. The thickest biofilm growth and resistance to mechanical disruption (generated using a pipette) were observed at 1 × 10 6 conidia/mL at 96 hours (Figures 3 and 4) .
Conidial aggregation, germination and adherence to the walls and bottom of the 96-well plate were observed at 4 hours ( Figure 4A) after inoculation. Hyphae elongated at 8 hours ( Figure 4B ) and entanglement formation by the hyphae were registered at 12 hours ( Figure 4C ). Exopolymeric substance (EPS) production was observed for the first time at 12 hours ( Figure 5A-C) . Biofilm formation that included the anastomosis phenomena (hypha-hypha fusion through establishment of hyphal bridges) was evident from 24 h ( Figure 4D) to the end of the growth period ( Figures 4E-I and 5D ). Thickening ECM that embedded fungal filaments occurred at 48 ( Figure 5E ) and 72 hours ( Figure 4E-G) . Biofilm maturation was observed at 96 hours ( Figures 4H and 5E) .), and degradation of the biofilm occurred at 120 hours ( Figure 4I ). In the present study, biofilm for- 
| D ISCUSS I ON
The case described in this study is the first report of a mycokeratitis caused by Neoscytalidium sp. in Latin America. Indeed, between 1993 and 2015, there were only five reports of cases of keratitis caused by N. dimidiatum in the entire world (Yemen, India, Iraq and the United States). 3, 19 In Mexico, reports of fungal keratitis infections are rare and information on the patient outcomes in these cases is sparse. In other areas of the world, the prevalence of infections by opportunistic fungi is rising, especially in immunocompromised individuals. 30, 31 These observations highlight the need for additional studies of fungal virulence and the mechanisms involved in host invasion by fungal pathogens. 32 Fungal classification using morphological characteristics is not always sufficient to define species, especially in cases involving human fungal infections. 33, 34 This has been a particular problem with members of the fungal family, Botryosphaeriaceae, 35, 36 and in consequence, the taxonomy of this family has recently been re-examined based on DNA sequence data.
29,37
The Neoscytalidium genus (formerly Scytalidium spp.) was proposed and separated from Scytalidium spp. by Crous et al. 13 Based on phylogenetic analyses, the ex-type strain, Scytalidium lignicola, (CBS 233.57), clusters outside of the Botryosphaeriaceae clade. 13, 35 It has been argued that S. lignicola belongs to an incertae sedis family in the class, Leotiomycetes, whose members are phylogenetically distinct from the Dothideomycetes class. The genus Neoscytalidium is related to other fungi that infect leafy and woody plants such as Arbutus, Grevillea, Mangifera and Orchidaceae in Africa, the Americas, Australia and Asia. 37 In recent years, reports have appeared documenting the ability of N. dimidiatum to infect mammals, especially humans. 18, 38 In general, human infections by Neoscytalidium could be disseminated, subcutaneous and cutaneous, with the latter occurring more frequently in tropical and subtropical countries. These infections are clinically indistinguishable from dermatophyte infections. [14] [15] [16] [17] 39 Typically, these fungi infect nails and skin and the infections are difficult to treat.
1
There have been documented that patients generated disseminated
Neoscytalidium spp. infection involved cutaneous fungal infections. The acquisition of keratitis by the patient described in the current study probably resulted from his farm work. The infection began with an ocular trauma caused by vegetal matter and ultimately required that enucleation be performed on the patient. To treat such patients with keratitis, it has been documented that combination therapy can be used, typically topic amphotericin B and oral azoles.
19
The infecting fungus was not sensitive to the antifungal agents am- The process of biofilm formation by N. oculus is similar to that described in other filamentous fungi that form biofilms. 46, 50 The first three stages described in the Results section are required to generate biofilm while the last three stages occur when nutrients in the surface and in the surrounding medium become depleted. We note that the conidiation process could not be observed during biofilm formation by N. oculus, probably because the capacity to produce arthroconidia by the fungus occurs over the entire 120 hours of observation.
Another virulence factor associated with Neoscytalidium infections is the presence of melanin in their cell walls. This pigment is involved in tissue invasion and in protection against reactive oxygen species generated by phagocytic cells of the host immune system.
51
In a study of disseminated infections in immunosuppressed mice, Ruíz-Cendoya et al 52 demonstrated that melanin synthesis in pigmented isolates of N. dimidiatum conferred higher levels of virulence than what was observed for non-pigmented isolates. 53 As we report here, N. oculus is a dark-pigmented filamentous fungus ( Figure 1C,D) and this pigmentation could be a virulent adaptation, facilitating phaeohyphomycosis in the cornea, tissue invasion and immune system resistance. N. oculus presented complete haemolytic activity.
In Candida species, the ability to disrupt erythrocytes is a putative virulence factor contributing to pathogenicity. 54 It has been documented that haemolysis facilitates hyphal invasion in systemic candidiasis. 55 However, important biological aspects related to fungal haemolytic ability are poorly understood.
In conclusion, to our knowledge, this is the first study in Latin
America in which a new species from the genus Neoscytalidium has been obtained from a clinical isolate identified by morphological and phylogenetic analysis. The capacity of this new species to produce melanin, its haemolytic activity and its ability to form biofilms at 37°C has also been demonstrated. Our findings constitute a novel aspect of the taxonomy of Neoscytalidium species and of the biofilm formation of these clinically uncommon organisms.
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